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AMinimal Approach to Baryogenesis via Affleck-Dine and Inflaton Mass Terms
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Dept. of Physics, Lancaster University, Lancaster LA1 4YB, UK
We present a minimal approach to the generation of the baryon (B) asymmetry of the Universe, in which the
asymmetry is generated in a complex inflaton condensate via B-violating quadratic inflaton potential terms using
the Affleck-Dine (AD) mechanism. We show that the B-violating quadratic mass terms create an oscillating
asymmetry in the complex inflaton condensate at late times. The final asymmetry transferred to the Standard
Model sector at reheating is naturally reduced to the magnitude of the observed B asymmetry by the effect
of averaging over the B oscillations. This approach to baryogenesis can easily be realised in a wide range of
inflation models. We also show that AD baryogenesis via inflaton mass terms is free of the tuning of field
dynamics required by the conventional AD mechanism.
I. INTRODUCTION
The Affleck-Dine (AD) mechanism [1] provides a remarkably simple and elegant explanation the baryon (B) asymmetry of the
Universe. A complex scalar with aU(1) global symmetry, corresponding to conserved baryon number, evolves into a coherently
oscillating condensate. B violating terms in the potential act on the field, pushing it into an ellipitical trajectory in the complex
field plane, which is equivalent to a B asymmetry in the scalar field.
The conventional AD mechanism is based on a complex scalar field Φ with a potential which at late times is dominated by a
|Φ|2 mass term. Higher-order operators that violate baryon number cause the real (φ1) and imaginary (φ2) parts of Φ to evolve
differently when the |Φ|2 term comes to dominate the potential, pushing the trajectory into an ellipse in the (φ1,φ2) plane. The
higher-order operators becomes less important as the magnitude of Φ decreases due to expansion, effectively switching off the
B violation and leaving a conserved baryon asymmetry in the complex field at late times.
However, in conventional AD baryogenesis there has to be a coordination between the time at which the higher-order B
violating potential terms become dynamically important and the time at which the |Φ|2 term comes to dominate the potential.
If the B violating terms become dominant too early, the Φ field will evolve to oscillate along a straight line in the (φ1,φ2) plane
which minimises the B violating potential terms and so no asymmetry will be generated. On the other hand, if the higher-order
terms are too small to be dynamically significant when the |Φ|2 term begins to dominate, then again no asymmetry will be
generated. So there has to be a coordination between the times at which the |Φ|2 term becomes dominant and at which the
higher-order terms become dynamically significant.
In this letter we will present a new and unconventional implementation of AD baryogenesis, in which B-violating Φ2 terms in
the potential of a complex inflaton Φ generate the asymmetry1 (Applications of the conventional AD mechanism to a complex
inflaton have been considered in [2–5].) We will show that these terms generate a B asymmetry in the Φ condensate which
oscillates about zero. When the condensate asymmetry is transferred to the Standard Model (SM) sector by Φ decay, a net
asymmetry is left in the SM sector. The oscillating baryon asymmetry initially generated in the Φ condensate is typically much
larger than that required to explain the observed baryon-to-entropy ratio. The asymmetry transferred to the SM is subsequently
suppressed by averaging over the condensate asymmetry oscillations, reducing the asymmetry to the observed value2. As we
will show, this version of the AD mechanism does not require any coordinatation of the field dynamics and is therefore more
natural that the conventional approach.
We will consider a renormalisable B symmetric inflaton potential together with B-violating Φ2 terms,
V (Φ) = m2φ|Φ|2+λΦ|Φ|4− (AΦ2+ h.c.) , (1)
where A is real and positive. Such potentials are naturally compatible with inflation models which are non-minimally coupled
to gravity [7]. More generally, they represent the leading order terms of an inflaton potential during post-inflation evolution. Φ
is initially coherently oscillating, with the potential dominated by the |Φ|4 term and with no asymmetry in the field. In terms of
Φ = (φ1+ iφ2)/
√
2, the potential becomes
V (Φ) =
1
2
(m2Φ− 2A)φ21+
1
2
(m2Φ + 2A)φ
2
2+
λΦ
4
(φ21+φ
2
2)
2 . (2)
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1 The same model can also be used to generate a lepton asymmetry which is subsequently processed via sphalerons into a baryon asymmetry.
2 AD baryogenesis via mass terms has previously been considered in the context of a different class of model in [6]. The analysis of [6] assumes that the
averaging over of asymmetry oscillations washes out the final asymmetry. We will show that although the asymmetry is suppressed, it is significantly
non-zero. This suppression plays an important role in the model described here.
2The field equations are
φ¨1+ 3Hφ˙1 =−m21φ1−λΦ(φ21+φ22)φ1 (3)
and
φ¨2+ 3Hφ˙2 =−m22φ2−λΦ(φ21+φ22)φ2 , (4)
where
m21 = m
2
Φ− 2A ; m22 = m2Φ + 2A . (5)
In the limit λΦ → 0 the equations for φ1 and φ2 are decoupled from each other, with coherently oscillating solutions for φ1 and
φ2 which have angular frequencies m1 and m2, respectively.
We first derive an analytical expression for the asymmetry using a threshold approximation, which we then compare to
complete numerical solution. In the threshold approximation we consider the potential to be approximated by
V (Φ) = λΦ|Φ|4 ; φ > φ∗
V (Φ) = m2Φ|Φ|2− (AΦ2+ h.c.) ; φ < φ∗ , (6)
where φ∗ = mΦ/
√
λΦ is the value of φ at which V
′(φ) becomes dominated by the |Φ|4 term (here Φ = φeiθ/√2 and we have
set A = 0 when determining φ∗). The potential is initially strongly dominated by the |Φ|4 term, with φi ≫ φ∗, and the field is
initially at rest with initial values (φ1, i,φ2, i). Assuming rapid coherent oscillations, the field amplitude will initially evolve as
φ ∝ 1/a when φ > φ∗. Therefore the field amplitudes at a∗ are
φ1, ∗ =
(
ai
a∗
)
φ1, i =
(
φ∗
φi
)
φ1, i ; φ2, ∗ =
(
ai
a∗
)
φ2, i =
(
φ∗
φi
)
φ2, i , (7)
where φi =
(
φ21, i +φ
2
2, i
)1/2
. The field evolves purely due to the mass squared terms once a > a∗. We assume that m1,2≫H, so
that we can neglect the effect of expansion on the rapid φ1,2 oscillations and simply factor in the effect of expansion by damping
the oscillation amplitude. The solution for φ1 and φ2 is then
φ1 = φ1, ∗
(a∗
a
)3/2
cos(m1(t− t∗)) ; φ2 = φ2, ∗
(a∗
a
)3/2
cos(m2(t− t∗)) . (8)
The baryon asymmetry in the Φ condensate is
n(t) = i
(
Φ†Φ˙− Φ˙†Φ
)
= φ˙1φ2− φ˙2φ1 . (9)
Therefore
n(t) = φ1, ∗φ2, ∗
(a∗
a
)3
[m2 sin(m2(t− t∗))cos(m1(t− t∗))−m1 sin(m1(t− t∗))cos(m2(t− t∗))] . (10)
We will assume that 2A≪ m2Φ. In this limit, to leading order in A/m2Φ, the condensate baryon asymmetry becomes
n(t) = φ1, ∗φ2, ∗
(a∗
a
)3 [
mΦ sin
(
2A(t− t∗)
mΦ
)
+
A
mΦ
sin(2mΦ(t− t∗))
]
. (11)
During averaging over the the φ1 ,2 coherent field oscillations, we can consider the scale factor to be constant since H ≪mΦ. The
second term in Eq. (11) then averages to zero. The condensate asymmetry at t > t∗, in terms of the initial field values, is then
n(t) = φ1, iφ2, i
(
φi
φ∗
)(ai
a
)3
mΦ sin
(
2A(t− t∗)
mΦ
)
. (12)
Thus the baryon asymmetry in the Φ condensate oscillates about zero with period Tasy = pimΦ/A.
3It is useful to define a comoving asymmetry nc(t)≡ (a(t)/ai)3n(t), which is constant when there is no production or decay of
the asymmetry. For the threshold model
nc(t) = φ1, iφ2, i
(
φi
φ∗
)
mΦ sin
(
2A(t− t∗)
mΦ
)
. (13)
The Φ condensate asymmetry is assumed to transfer to a conserved SM baryon asymmetry via B-conserving Φ decays to SM
particles3. The condensate will decay away completely after a time tR ≈ Γ−1Φ , where R denotes reheating, with a constant rate
of production of SM baryon asymmetry due to decay of the condensate asymmetry from t∗ to tR. Therefore, neglecting any
reduction of the Φ field due to decays at t < tR, the comoving baryon asymmetry transferred to the SM sector, which we denote
by nˆc(t), is
nˆc(t) =
∫ t
ti
ΓΦnc(t)dt . (14)
Thus the comoving baryon asymmetry transferred out of the Φ condensate as a function of t is
nˆc(t) =
ΓΦφ1, iφ2, im
2
Φ
2A
(
φi
φ∗
)[
1− cos
(
2A(t− t∗)
mΦ
)]
. (15)
nˆc(t) increases linearly with t− t∗ until t− t∗ ≈ pimΦ/4A. On longer timescales, nˆc(t) oscillates between a maximum value and
zero with period Tasy. The maximum possible asymmetry is obtained when A = Amax = pimΦΓΦ/2.
Φ decays away completely once t− t∗ ≈ tR ≈ Γ−1Φ , where tR ≫ t∗. Therefore the total comoving asymmetry transferred to the
SM sector is
nˆc, tot ≈ ΓΦφ1, ∗φ2, ∗m
2
Φ
2A
[
1− cos
(
2A
mΦΓΦ
)]
. (16)
We first consider the case where the lifetime of Φ is much longer than Tasy, such that 2A/mΦΓΦ ≫ 1. nˆc tot can then be expressed
as
nˆc, tot =
fd sin(2θ)ΓΦφ
2
i m
2
Φ
4A
(
φi
φ∗
)
, (17)
where fd = 1− cos(2A/mΦΓΦ) is typically in the range 0.1 to 1. Note that Eq. (17) includes a factor ΓΦ ≡ τ−1Φ , where τΦ is
the lifetime of the Φ scalars, due to the effect of averaging over the time taken for the condensate to decay. The total baryon
asymmetry transferred to the SM, nˆtot , is
nˆtot =
(
ai
aR
)3
nˆc, tot =
3 fdM
2
PlΓ
3
Φ sin(2θ)
2A
, (18)
where we have used a ∝ H−2/3 when a > aR and a ∝ 1/φ when a < aR to obtain the final expression. This can also be expressed
in terms of the baryon-to-entropy ratio, nB/s. Using s= 4k
2
T T
2 and ΓΦ =HR = kTR T
2
R /MPl, where TR is the reheating temperature
and kT = (pi
2g(T )/90)1/2, the baryon-to-entropy ratio is
nB
s
≡ nˆtot
s
=
3 fd
8
kTR T
3
R sin(2θ)
AMPl
= 5.3× 10−21 fd m
2
Φ
A
(
TR
108 GeV
)3(
1013 GeV
mΦ
)2
sin (2θ) , (19)
where we have normalised the expression to some representative values4 of TR and mΦ. The observed baryon-to-entropy ratio is
(nB/s)obs = 0.861± 0.005× 10−10. In order to account for the observed asymmetry, we require that
A1/2
mΦ
= 7.9× 10−6 f 1/2d sin1/2 (2θ)
(
1013 GeV
mΦ
)(
TR
108 GeV
)3/2
. (20)
3 A specific implementation of the model to baryogenesis from AD leptogenesis via a decaying inflaton will be presented in a fututre work [8]. Here we focus
on the general features of inflaton mass term AD baryogenesis.
4 TR = 10
8 GeV is within the range of reheating temperatures that may be detectable in the spectrum of primordial gravitational waves [9].
4The maximum possible asymmetry, which corresponds to A = Amax and fd = 1 in Eq. (19), is
nB, max
s
=
3TR sin(2θ)
4pimΦ
= 2.4× 10−6
(
TR
108 GeV
)(
1013 GeV
mΦ
)
sin(2θ) . (21)
This can easily be much larger than the observed baryon asymmetry. Therefore the suppression of the asymmetry by averaging
over oscillations plays an important role in this model. For comparison, in the case where Φ decays before any condensate
asymmetry oscillations can occur, corresponding to 2A/mΦΓΦ ≪ 1, we find that the required value of A1/2/mΦ is
A1/2
mΦ
= 1.3× 10−10
(
TR
108 GeV
)1/2(
1
sin(2θ)
)1/2
. (22)
This is typically much smaller than in the case with asymmetry oscillations, due to the lack of additional suppression of the
baryon asymmetry from averaging over oscillations.
The threshold asymmetry is a good approximation if the B-violating mass terms do not cause the field to significantly evolve
until the potential is |Φ|2 dominated. The condition for this to be true, which we have confirmed in our complete numerical
solutions, is that A1/2 <∼ H∗. This is satisfied if
A1/2
mΦ
<
∼
A
1/2
th
mΦ
=
mΦ
4
√
λΦMPl
≡ 1.0× 10−6λ−1/2Φ
( mΦ
1013 GeV
)
. (23)
We finally compare the threshold approximation to the complete numerical solution5. As an example, we show in Figure 1 the
numerical results for the case mΦ = 10
16 GeV and λΦ = 0.1 for a range of values of A
1/2/mΦ. For this case, the upper limit for
the threshold approximation to be valid is A
1/2
th /mΦ ≈ 3×10−3. We find that the threshold approximation is in perfect agreement
with the numerical solution for both the condensate and transferred asymmetries when Eq. (23) is satisfied. For larger A1/2/mΦ,
the evolution during the |Φ|4 dominated era modifies the asymmetries. The amplitude of the transferred asymmetry Anˆc rapidly
decreases with increasing A > Ath down to an approximately constant value, which is suppressed relative to the threshold value
of Anˆc by a factor that numerically is approximately mΦ/10
17GeV. The transferred asymmetry Anˆc oscillates between zero
and a maximum when the threshold approximation is valid, but for larger A1/2/mΦ it oscillates about zero. However, since the
transferred asymmetry is the total asymmetry transferred to the SM sector as a function of time after averaging over condensate
asymmetry oscillations, the oscillation of the transferred asymmetry about zero has no impact on the typical magnitude of the
baryon asymmetry transferred to the SM.
FIG. 1. The condensate asymmetry (left) and transferred asymmetry (right) for the case mΦ = 10
16 GeV and λΦ = 0.1. The threshold
asymmetry and the numerical results for A1/2/mΦ = 0.001,0.005,0.007,0.01 and 0.05 are shown. (The numerical result for A
1/2/mΦ = 0.001
coincides with the threshold result, in agreement with Eq. (23).)
5 Further details of the numerical analysis will be presented in [8].
5It is important to emphasize that inflaton mass term AD baryogenesis requires no tuning of the dynamics of Φ. This is because
the time at which the Φ scalars decay and the baryon asymmetry is established is unrelated to the time at which the potential
becomes dominated by the |Φ|2 term, since typically τΦ ≫H−1∗ in our analysis.
In this analysis we have not addressed the question of baryon isocurvature perturbations. We note that these can easily be
controlled by including a Φ4+Φ† 4 term in the potential which is significant during inflation and becomes negligible after infla-
tion, whilst leaving open the possibility of observable isocurvature perturbations. A detailed implementation of the mechanism
to baryogenesis from AD leptogenesis via inflaton decay, including a discussion of isocurvature perturbations, will be presented
in a future work [8].
In conclusion, we have presented a new minimal approach to baryogenesis which is based on B-violating mass terms for the
inflaton. This can account for the observed baryon asymmetry without the tuning of field dynamics necessary in conventional
AD baryogenesis. The resulting model requires only the addition of B-violating mass terms to an existing inflaton potential and
therefore can easily be realised in a wide range of inflation models.
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